We have calculated the total dielectronic recombination ͑DR͒ coefficients for the 2 P 1/2 and 2 P 3/2 states in B-like Ti 17ϩ , Fe 21ϩ , and Mo 37ϩ ions for electron temperatures 0.1рTр10 000 eV. The calculations are carried out using the multiconfiguration Dirac-Fock method in intermediate coupling with a configuration interaction. We find that accurate Coster-Kronig energies are critical for a successful determination of lowtemperature DR coefficients. We also find that the DR involving fine-structure excitations can be as important as the 2s-2p excitation channels in the low-temperature regime for some ions. ͓S1050-2947͑98͒02612-2͔ PACS number͑s͒: 34.80.Kw
I. INTRODUCTION
Dielectronic recombination ͑DR͒ is one of the most important recombination processes in high-temperature plasmas ͓1-3͔. Knowledge of DR rate coefficients is essential for calculations of the ionization balance and kinetics of a plasma ͓4,5͔. In early modeling of high-temperature plasmas, the DR rate coefficients were often obtained using the semiempirical Burgess-Merts formula ͓2,6͔. Recently, many ab initio calculations have been performed to determine DR cross sections and rate coefficients ͓7͔. For the boron isoelectronic sequence, DR rate coefficients for a few ions have been calculated, mainly using nonrelativistic wave functions in LS or intermediate coupling ͓8-10͔. Badnell's work on Fe 21ϩ ͓10͔ is the only calculation for total rate coefficients. For intrashell DR resonances (⌬nϭ0), the existing DR calculations include only the 2s-2p excitation channel. The excitation between fine-structure levels 2p 1/2 and 2p 3/2 is completely ignored. Recently, the DR channels involving 2p fine-structure excitations have been observed for F-like iron and they are found to be the dominant DR channels in the low-temperature regime ͓11͔.
In this work we report a relativistic calculation for the DR rate coefficients in Ti 17ϩ , Fe 21ϩ , and Mo 37ϩ including 2s-2p, 2p 1/2 -2p 3/2 , 2l -3l Ј, and 1s-2p excitations. These calculations are carried out using the multiconfiguration Dirac-Fock ͑MCDF͒ method in intermediate coupling with a configuration interaction from the same complex ͓12͔.
II. THEORETICAL CALCULATION
In the isolated resonance approximation, the total DR rate coefficient for an initial state i after averaging over the Maxwellian distribution of the plasma electrons is given by ͓1͔ From perturbation theory, the Auger transition rate in a frozen-orbital approximation is ͓14,15͔.
where () is the density of final states and the two-electron operator V ␣␤ is the Coulomb operator. The spontaneous electric-dipole radiative transition rate is given by ͓14,16͔
where ͗ f ʈT 1 ʈd͘ is the electric-dipole reduced matrix element ͓14,16͔.
In the present work, the transition matrix elements in Eqs. ͑2͒ and ͑3͒ for each autoionizing state are evaluated in the framework of the MCDF model. The calculations are performed in the average-level scheme ͓13͔ and in intermediate coupling including a configuration interaction from all states having the same principal quantum numbers. In the calculations of energies, we include the contributions not only from the Coulomb interaction but also from the Breit interaction and from quantum electrodynamic corrections. In addition, the effects of orbital relaxation on transition energies are also taken into account by performing separate self-consistent field calculations for the initial and final states ͑i.e., the ⌬SCF procedure͒. In the calculations of matrix elements, however, we employ only the initial-state wave functions.
DR from a state of a B-like ion to a state of a C-like ion with excitations from the nϭ2 shell can be represented by ) from 2s-2p, 2p 1/2 -2p 3/2 , and ⌬n 0 excitations for Fe 21ϩ . Numbers in square brackets denote multiplicative powers of 10. tive branching ratios. The contributions from the high-n Rydberg states (33рnр400 for the ⌬nϭ0 transitions and 11 рnЈр200 for the ⌬n 0 transitions with L-shell excitation͒ are taken into account using the n Ϫ3 scaling to the transition rates. Since the contributions from K-shell excitations are small and have a fast convergence, there is no high-n extrapolation for these excitation channels. The onset principal quantum numbers n 0 at which the ⌬nϭ0 transitions become energetically possible are determined using the MCDF-⌬SCF procedure for each ion covered in this study.
Since the DR rate coefficients are extremely sensitive to the resonance energies at very low temperatures, we use experimental 2s-2p excitation energies ͓17͔ to calculate the 2s-2pnl DR resonance energies because MCDF energies have a few eV uncertainty. For the case of 2 p 1/2 -2p 3/2 nl DR, theoretical fine-structure splittings agree with experiment to better than 0.3 eV. We then use theoretical energies in these calculations.
III. RESULTS AND DISCUSSION
We have calculated the total DR rate coefficients for the 1s 2 2s 2 2p states of B-like ions with Zϭ22, 26, and 42 for electron temperatures 0.1рTр10 000 eV. The results for 0.1рTр5000 eV for the 2s-2p, 2p 1/2 -2p 3/2, and ⌬n 0 excitations for Ti 17ϩ , Fe 21ϩ , and Mo 37ϩ are listed in Tables  I, II , and III, respectively. In the 2s 2 2pϩe→2s2 p 2 nl →2s 2 2p 3/2 nl transitions, the 2s 2 2p 3/2 nl states are autoionizing states when n is larger than the onset value n 0 for the fine-structure transitions. Including the autoionization branching of these autoionizing states reduces the DR coefficients. This cascade effect has been observed recently in F-like Fe 17ϩ ͓11͔ and Se 25ϩ ͓18͔. Similar cascade effects are also included for the 2s 2 2 pϩe→2s2p3l nl →2s2p 2 nl transitions when n is larger than a certain value. The results listed in Tables I-III are obtained including this cascade effect.
In Fig. 1 the n dependence of rate coefficients for the 2 P 1/2 state of Fe 21ϩ with 2s-2p excitation is displayed. For the 2s-2p excitation, the order of importance behaves irregularly as a function of n at the low-temperature regime. This is caused by the opening of the low-energy CosterKronig channels as n increases. For TϽ10 eV, DR rate coefficients are dominated by low-energy resonances. For n ϭ7, only the 2s2 p 2 2 P excitation channel is open with resonance energies ranging from 0.23 to 1.52 eV. is open with energies in the range 1.9-3.6 eV. For n ϭ11, the last two excitation channels 4 P 3/2 and 4 P 1/2 are open with energies as low as 0.2 eV and there are 98 transitions with energies less than 10 eV. For nϭ12, all channels are open with 34 transitions having energies between 7.5 and 10 eV. The rise and fall of the number of low energy resonances as a function of n are responsible for the irregular behavior of the n dependence. On the other hand, for the ⌬n 0 transitions, contributions decrease with increasing n, as expected. The DR rate coefficients from the ⌬nϭ0 transitions at low temperatures are very sensitive to the CosterKronig energy. Hence an accurate determination of the Coster-Kronig energy including the fine-structure splitting is essential for obtaining reliable low-temperature DR rate coefficients. The l dependence of the 2s-2p13l transitions for Fe 21ϩ is shown in Fig. 2 . The DR rate peaks at l ϭ2 and is still very important even for l as large as 8. For l ϭ12, the rate has reduced by three orders of magnitude with respect to peak rate. The high-n states with l Ͼ12 in the ⌬n ϭ0 transitions contribute only a few percent. They are estimated by fitting the values for l ϭ10,11,12 to a power law.
For the ⌬n 0 transitions, no high-l (l Ͼ6) extrapolation is performed.
In this work, the onset n 0 of the Coster-Kronig channel 2s-2pnl is 7 for all three ions for 2 P 1/2 state and they are 7, 8, and 9, respectively, for Zϭ22, 26, and 42 for the 2 P 3/2 state. At nϭn 0 , some of the states are open for the CosterKronig channels. For the 2 p 1/2 -2p 3/2 nl channel, CosterKronig transition becomes energetically possible at n 0 ϭ25, 21, and 13, respectively, for Zϭ22, 26, and 42.
In Figs. 3-8, DR rate coefficients for the 1s 2 2s 2 2 p 2 P 1/2,3/2 states of Ti 17ϩ , Fe 21ϩ , and Mo 37ϩ as functions of temperature are displayed. For TϽ100 eV, the DR rate coefficients are dominated by the ⌬nϭ0 transitions. For the 2 P 1/2 state, the contributions from the fine-structure excitation ͓Eq. ͑6͔͒ to the total DR rate coefficients for Ti 17ϩ FIG. 5. DR rate coefficients for the 2 P 1/2 state of Fe 21ϩ as functions of electron temperature. The legend is the same as in Fig. 3.   FIG. 6 . DR rate coefficients for the 2 P 3/2 state of Fe 21ϩ as functions of electron temperature. The legend is the same as in Fig. 3.   FIG. 7 . DR rate coefficients for the 2 P 1/2 state of Mo 37ϩ as functions of electron temperature. The legend is the same as in Fig. 3.   FIG. 8 . DR rate coefficients for the 2 P 3/2 state of Mo 37ϩ as functions of electron temperature. The legend is the same as in Fig. 3. are as important as 2s-2p excitation for TϽ1 eV. However, for Fe 21ϩ and Mo 37ϩ , the fine-structure excitation channel contributes less than 15%.
The relative importance of the fine-structure excitation channel to the 2s-2p channel depends on the energy level structure of the particular ion. If the atomic structure of an ion happens to provide many low-energy DR resonances with energy less than a few eV for the 2s-2p channel, then DR rate coefficients at low temperatures tend to be dominated by this 2s-2p Coster-Kronig channel such as in Fe   21ϩ and Mo 37ϩ .
For higher temperatures, 2l -3l Ј excitation becomes the dominant DR channel, while 1s-2p excitation contributes less than 10%. For TϽ50 eV, DR rates are quite sensitive to resonance energy. The theoretical uncertainties at this energy range are much larger than those at higher temperatures. The relative importance of radiative recombination ͑RR͒ with respect to DR was investigated for Fe 21ϩ . For Tр0.1 eV, RR ͓19͔ is the dominant recombination process. For 0.1рTр10 eV, the ratios between RR and DR range from 1.39 to 0.22 and the fine-structure transitions contribute less than 8% to the total recombination rate coefficients.
Experimental measurements of DR rate coefficients for boronlike ions have been carried out by Wang et al. on Ti 17ϩ for 600рTр1100 eV ͓20͔ and on Fe 21ϩ at Tϭ900 eV ͓21͔. These measurements were obtained using a tokamak plasma with electron densities of ϳ4ϫ10 13 cm Ϫ3 . Our theoretical Ti 17ϩ results in the low-density limit are higher than the measurements and lie 10-40 % outside the experimental uncertainties. Our low-density Fe 21ϩ results are also higher than the experimental values, but lie within the stated factor of 2 uncertainty of the measurement. It is to be expected that our low-density DR rate coefficients are larger than experiment. The effects of electron density ͓22͔ and ion density ͓23͔ tend to decrease the DR rate coefficients and to bring theory into better agreement with plasma experiment. For example, at ion density of ϳ2.4ϫ10 12 cm Ϫ3 , the continuum lowering due to the Stark broadening limits the Rydberg series to nр23 for Ti 17ϩ . This depression of Rydberg series leads to a 15% reduction of DR rate coefficient at Tϭ900 eV for Ti 17ϩ . In addition, stepwise electron-impact excitation of Rydberg electron followed by ionization can further reduce the DR rate coefficients.
In Fig. 9 , the present DR rate coefficients for the 2s-2p excitation are compared with the results from nonrelativistic In units of eV.
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Hartree-Fock calculations in LS coupling by Ramadan and Hahn ͓8͔. Our present results are larger by more than a factor of 2 and peak at much lower temperatures. This is probably due to the differences in the calculated Auger energies. For the 2s-2p transitions in Fe 21ϩ , the onset is n 0 ϭ7 in this work as compared to n 0 ϭ12 in Ref. ͓8͔ . If we neglect the contributions from n ϭ 7 to 11, then our 2s-2p DR rates are in fair agreement ͑better than 30%͒ with Ramaden and Hahn and peak near the same temperature.
In Fig. 10 , the total DR rate coefficients for the 2 P 1/2 state of Fe 21ϩ from this work are compared with the results from Badnell ͓10͔. In Badnell's calculations, the contributions from 2s-2p excitation were computed using Burgess's formula ͓2͔. For ⌬n 0 transitions, he employed wave functions from the SUPERSTRUCTURE code in intermediate coupling. For TϾ100 eV, the two theories agree within 30%. For lower temperatures, they differ by more than an order of magnitude. Most of these differences can be traced to the discrepancies in 2s-2p excitation and partly to neglect of fine-structure transitions in Badnell's work.
IV. RATES FOR PLASMA MODELING
We have fit our theoretical DR rate coefficients using the formula ͓24͔
which has the same functional dependence on T as the Burgess formula ͓2͔. The quantities c i and E i are the strength parameter and the energy parameter, respectively, for the ith fitting function component. The best fit values for the various DR channels of Ti 17ϩ are listed in Table IV . The fit for the 2 P 1/2 state 2s-2p channel is good to better than 4% for 0.15рTр10 000 eV. For 0.1рTϽ0.15 eV, the fit is good to better than 30%. The fit for the 2 P 3/2 state 2s-2p channel is better than 2% for 0.1рTр10 000 eV. The fit for the 2p 1/2 -2p 3/2 channel is better than 4% for 0.1рTр10 000 eV. The fits for the ⌬n 0 channels are better than 3% for 60рTр10 000 eV. Below 60 eV the fits go to zero faster than the calculations, but this is unimportant as these channels contributes less than 2% to the total DR rate for TϽ60 eV.
The best fit values for the various DR channels of Fe 21ϩ are listed in Table V . The fits for the 2 P 1/2 state and the 2 P 3/2 state 2s-2p channels are better than 3% and 1%, respectively, for 0.1рTр10 000 eV. The fit for the 2p 1/2 -2p 3/2 channel is better than 1% for 0.3рT р10 000 eV and better than 27% for 0.1рTϽ0.3 eV. The fits for the ⌬n 0 channels are better than 1.5% for 90рT р10 000 eV. Below 90 eV, the fits go to zero faster than the calculations, but this is unimportant as these channels contribute less than ϳ3% to the total DR rate for TϽ90 eV.
The best fit values for the various DR channels of Mo 37ϩ are listed in Table VI . The fit for the 2 P 1/2 state 2s-2p In units of eV.
channel is better than 2% for 0.1рTр10 000 eV. For the 2 P 3/2 state 2s-2p channel, the fit is better than 4% for 0.2 рTр10 000 eV and better than 14% for 0.1рTϽ0.2 eV. The fit for the 2p 1/2 -2p 3/2 channel is better than 2% for 2 рTр10 000 eV. Below 2 eV, the fit goes to zero faster than the calculated rate. However, at these energies, this channel contributes an insignificant amount to the total DR rate. For the ⌬n 0 channels the fits are good to better than 1% for 160рTр10 000 eV. Below 160 eV, the fits go to zero faster than the calculations. However, this is insignificant as these channels contribute less than 2% to the total DR rate for T Ͻ160 eV.
V. SUMMARY
We have calculated the total DR rate coefficients for 2 P 1/2 and 2 P 3/2 states in Ti 17ϩ , Fe 21ϩ , and Mo 37ϩ ions including contributions from 2s-2p, 2p 1/2 -2p 3/2 , 2l -3l Ј, and 1s-2p excitations. These relativistic calculations are performed in intermediate coupling with a configuration interaction. We find that accurate Coster-Kronig energies are essential in the determination of reliable DR rate coefficients at low temperatures. We also find that the fine-structure excitation channel can be important at low temperatures for some ions.
